The present paper examines compression failure mechanisms in unidirectional composites. Possible failure modes of constituent materials are summarized and analytical models for fiber microbuckling are reviewed from a unified viewpoint. Due to deficiencies in available models, a failure model based on nonlinear material properties and initial fiber curvature is proposed.
The effect of constituent properties on composite compression behavior was experimentally investigated using two different graphite fibers and four different epoxy resins. The predominant macroscopic-scale failure mode was found to be shear crippling. In a soft resin, shear crippling was in the form of buckling of fibers on a microscopic scale. However, for stiff resins failure was characterized by the formation of a kink band. For unidirectional laminates, compressive strength, and compressive modulus to a lesser extent, were found to irlcrease with increasing magnitude of resin modulus. The change in compressive strength with resin modulus was predicted using the proposed nonlinear model.
INTRODUCTION
The inherent weakness of current graphite-epoxy composites to impact and delamination has prompted the development of improved material systems through the use of tougher resins and higher strain fibers C1,2].
Present technology, however, is limited in that improved toughness has in general been accompanied by a sacrifice in other properties such as strength and stiffness at elevated-temperature. The longitudinal compressive strength of unidirectional composites depends on many factors including the stiffness and strength of the matrix and fiber. Better understanding of compressive failure mechanisms is needed to more accurately predict strength changes resulting from the use of different resins and fibers.
Over the past two decades, much effort has been concentrated on understanding the failure mechanisms and predicting the strength of compression loaded laminates. Since fracture of composites is usually instantaneous and catastrophic, identification of critical failure modes is not easily accomplished. material properties or the presence of defects can lead to completely different failure modes. Thus, an analytical model accurate for one material system may not predict failure for another material system. Development of a unified model which can be applied to various material systems and failure modes is not within grasp at present. The current approach is to identify critical failure modes for each material system and to develop a unique model for each failure mode.
The problem is complicated because changes; in
The present paper reviews failure modes in and analytical models for unidirectional composites subjected to longitudinal compression loading. The results of an experimental investigation on the effect of constituent material properties on compression behavior are discussed and compared with other available data. A possible sequence of failure initiation and propagation is proposed based on observations made during testing and from the examination of failed specimens.
BACKGROUND ON FAILURE MODES Failure Modes of Fibers
The compressive failure characteristics of a fiber can be studied by embedding it in a resin casting C31. The transparency available in an epoxy resin and the high axial stiffness of a large cross-section of resin relative to the fiber makes it possible to monitor the controlled failure of the fiber during loading. Compression failure modes characteristic of a fiber bundle have also been successfully observed using transparent resins to encapsulate the fibers C41.
F i b e r s f a i l d i f f e r e n t l y depending on t h e i r i n t e r n a l s t r u c t u r e , Fig. 1 . High-modulus g r a p h i t e f i b e r s f r a c t u r e i n shear along a maximum shear plane C31. The i n i t i a t i o n of f r a c t u r e is u s u a l l y i n t h e form of a h a i r l i n e crack around t h e f i b e r circumference. The crack grows inward from the s u r f a c e l a y e r f a i r l y normal t o the f i b e r a x i s . However, f i n a l f a i l u r e is along a maximum shear plane. Higher modulus is the r e s u l t of better alignment of i n t e r n a l s t r u c t u r e , and is associated w i t h lower compressive f a i l u r e s t r a i n . However, PAN Type I1 and Type A g r a p h i t e f i b e r s have been observed n o t t o f r a c t u r e due t o compression loading a t s t r a i n s up t o 3 percent C31. Kevlar f i b e r s , on t h e o t h e r hand, f a i l i n a kink mode because of Kevlar's characteristic weak bond i n t h e radial d i r e c t i o n which permits i n d i v i d u a l f i b e r s t o s p l i t i n t o f i b r i l s [SI.
Both shear f a i l u r e and f i b e r kinking are characteristic f a i l u r e modes for f i b e r s with well-aligned f i b r i l l a r s t r u c t u r e . The b a s i c mechanisms f o r the two f a i l u r e modes seem t o be the same; i . e . , t h e y are both the r e s u l t of a l i g n e d f i b r i l l a r s t r u c t u r e ' a n d a weak radial bond. However, the low d u c t i l i t y f o r g r a p h i t e f i b e r s leads t o f r a c t u r e while the development o f , f i b r i l s f o r Kevlar f i b e r s r e s u l t s i n kinking.
B r i t t l e f i b e r s w i t h amorphous s t r u c t u r e such as g l a s s do not u s u a l l y f a i l i n the aforementioned f a i l u r e modes. These f i b e r s can f a i l i n bending, s t a r t i n g from t h e t e n s i o n side. Medium t o high-strength f i b e r s may a l s o f a i l i n bending.
The f a i l u r e modes s t r o n g l y depend upon t h e l a t e r a l support provided t h e f i b e r during loading. I n the absence of a s t r o n g l a t e r a l s u p p o r t , a l l f i b e r s would f a i l by buckling. As t h e support s t i f f n e s s i n c r e a s e s , buckling is suppressed and the f i b e r begins t o f a i l i n shear. However, no shear f a i l u r e has y e t been observed f o r g l a s s f i b e r s or f o r high-strength g r a p h i t e f i b e r s such as T300 and T700.
F a i l u r e Modes of Resins
Compression tests on bulk r e s i n s r e v e a l two t y p e s o f f a i l u r e . For d u c t i l e r e s i n s p l a s t i c flow is f r e q u e n t l y observed i n a broad band o r i e n t e d -45 degrees t o the l o a d i n g a x i s . b r i t t l e r e s i n s , however, shear banding, i.e., narrow zones of shear y i e l d i n g , can precede u l t i m a t e failure.
For F a i l u r e Modes of Composites
Because of the weakness of the matrix and the f i b e r h a t r i x i n t e r f a c e compared with the s t r e n g t h of t h e f i b e r s , u n i d i r e c t i o n a l composites can f r a c t u r e along the f i b e r s even when loaded by compression, Fig. 1 . Transverse t e n s i l e stresses develop i n t h e matrix due t o Poisson's r a t i o d i f f e r e n c e s between t h e matrix and f i b e r , and stress c o n c e n t r a t i o n s caused by voids can i n i t i a t e f r a c t u r e i n t h e f i b e r / m a t r i x i n t e r f a c e [6].
I f a f i b e r buckles, t h e m a t r i x / f i b e r i n t e r f a c e may f r a c t u r e i n shear and lead t o u l t i m a t e f a i l u r e . However, i f the matrix is d u c t i l e and t h e i n t e r f a c e is s t r o n g , the f i b e r can bend without matrix f a i l u r e and e v e n t u a l l y f r a c t u r e i n bending. The e c c e n t r i c i t y introduced by such f i b e r f r a c t u r e may lead t o l o n g i t u d i n a l s p l i t t i n g w i t h continued compression loading.
A more l i k e l y f a i l u r e mode of composites a s s o c i a t e d w i t h f i b e r buckling and kinking is shear c r i p p l i n g . Macroscopically, shear c r i p p l i n g looks l i k e a shear f a i l u r e on a plane a t an angle t o t h e d i r e c t i o n of loading. Microscopic i n s p e c t i o n , however, i n d i c a t e s shear c r i p p l i n g is f r e q u e n t l y the r e s u l t of kink band formation, F i g . 2.
Some of the r e p o r t e d values f o r t h e kink band boundary angle and the segment l e n g t h are l i s t e d i n Table 1 [7-91.
The kink o r i e n t a t i o n a n g l e a is not w e l l defined because i t w i l l depend on t h e l o a d h i s t o r y . The a n g l e a can be shown t o be twice the angle 6 i f no volume change is assumed w i t h i n the kink band [SI.
I n g r a p h i t e f i b e r composites, f i b e r breaks are u s u a l l y observed a t t h e kink band boundaries C8,lOl while f i b e r kinking and extreme f i b e r bending without f r a c t u r e are t y p i c a l f o r Kevlar and g l a s s composites, r e s p e c t i v e l y C7,91.
The kink bands are most c l e a r l y observed when f a i l u r e is gradual and a l s o when l o n g i t u d i n a l s p l i t t i n g is prevented by a p p l i c a t i o n of h y d r o s t a t i c p r e s s u r e [8] . Gradual f a i l u r e is a l s o observed when there is a g r a d i e n t i n t h e stress f i e l d , e.g., near a h o l e [ l ] o r i n bending, and when f i b e r tows are surrounded by matrix as i n carbon/carbon composites.
The t h i r d f a i l u r e mode of composites is a s s o c i a t e d w i t h pure compression f a i l u r e of f i b e r s . I n t h i s case, the f r a c t u r e s u r f a c e is l i k e l y t o be a t an a n g l e , about 45 degrees, t o t h e loading. P o s t -f a i l u r e examinations of f r a c t u r e s u r f a c e s of graphite/epoxy composites a l o n e is u s u a l l y inadequate t o d i s t i n g u i s h between f i b e r kinking and f i b e r compression f a i l u r e because the broken f i b e r segments r e s u l t i n g from kinking f a i l u r e are randomly d i s p l a c e d during t h e c a t a s t r o p i c f a i l u r e event E l l ] .
The a v a i l a b l e data i n the l i t e r a t u r e s t r o n g l y suggest t h a t t h e most l i k e l y f a i l u r e mode i n graphite/epoxy composites f o r s t r e n g t h -c r i t i c a l a p p l i c a t i o n s is shear c r i p p l i n g involving f i b e r kinking. Compression f a i l u r e of a composite starts w i t h kinking of a few f i b e r s . The kinked f i b e r s d i s r u p t the s t a b i l i t y of t h e neighboring f i b e r s s o t h a t the neighboring f i b e r s a l s o f a i l i n t h e kinking mode. T h i s damage propagation process continues u n t i l t h e composite completely f a i l s . I n some cases, f i b e r kinking may be i n i t i a t e d a t s e v e r a l d i f f e r e n t l o c a t i o n s and proceed t o converge. The t r a n s v e r s e t e n s i l e stress i n the region where the two advancing kink bands meet may be s u f f i c i e n t l y high to cause longitudinal splitting.
The failure modes discussed thus far depend on various material properties and geometrical parameters. Some properties and parameter values may promote one failure mode while other values may favor another. The effect of material properties and geometrical parameters is qualitatively discussed in the following section.
BACKGROUND ON ANALYTICAL MODELS General Formulation
Consider a fiber embedded in a continuum. A free-body diagram for an infinitesimal segment of the fiber is shown in Assuming small deflection and the initial fiber axis to be along the x axis, we can write the equilibrium equations as E121
where w is the slope of the deflected fiber axis.
The exact determination of the forces and moments p, q, m, and M is not possible without the knowledge of the displacement fields in the fiber and the surrounding continuum. That is, one must solve the foregoing equations in conjunction with the equilibrium equations for the continuum using the appropriate constitutive relations. Thus, the final solution for the failure load will depend on properties of the constituent materials.
The problem can be s i m p l i f i e d i f c e r t a i n assumptions are made f o r the f o r c e s and moments p, q , m and M. Various s i m p l i f y i n g assumptions proposed i n t h e l i t e r a t u r e are reviewed i n the following s e c t i o n .
S i n g l e Fiber Embedded i n I n f i n i t e Matrix
The model of a f i b e r surrounded by i n f i n i t e matrix has been solved within the framework of e l a s t i c i t y C12-141.
T h i s model approximates t h e behavior of a composite w i t h a low f i b e r volume c o n t e n t . The s a l i e n t f e a t u r e s of t h i s model can be s t u d i e d by way o f the following s i m p l i f i e d a n a l y s i s .
The combination of E q s .
( 1 ) and ( 2 ) with m = 0 and P = c o n s t a n t leads t o
where v is t h e t r a n s v e r s e d e f l e c t i o n of t h e f i b e r and w = -dx'
and assuming t h a t
g i v e s the buckling load as E121
( 7 )
Here E and I are t h e f i b e r modulus and moment of i n e r t i a , r e s p e c t i v e l y .
The corresponding buckle h a l f wavelength i s f f R = Eflf % According to the more rigorous solutions C12,141, K is not a constant but depends on R as well as on material properties. However, K is approximately proportional to the matrix modulus E
C151. Thus, m
If the interaction between fibers can be neglected, e.g., in composites with low fiber volume content, the resulting buckling strain s t of composite is given by
EfAf (12) where A is the cross-sectional area of the fiber. f
Fiber Buckling in Composites
Since it is difficult to include the exact interaction effect between fibers, a variety of approximations have been attempted for the forces and moments p, q, m, and M based on simplified displacement fields. Furthermore, fibers have frequently been idealized as plates so that a two-dimensional analysis could be applied.
If two neighboring fibers are assumed to buckle out of phase with each other, the foundation constant K may befassumed to be
where h is the thickness of the matrix layer. The corresponding buckling load in the fiber is obtained by substituting Eq. (13) into Eq. 
Equation (19) is g e n e r a l l y known t o y i e l d a much higher s t r e n g t h than is r e a l i z e d experimentally. Many improvements and modifications have been suggested over t h e y e a r s C7,18-231. Most improvements t r y t o i n c o r p o r a t e i n i t i a l c u r v a t u r e of f i b e r s and material n o n l i n e a r i t y . These improvements w i l l be discussed i n the following development of a nonlinear model.
Nonlinear Model
A n o n l i n e a r model including i n i t i a l f i b e r c u r v a t u r e and matrix material n o n l i n e a r i t y is developed u s i n g 
Here, G is the composite shear modulus, and T and y are the average shear stress and s t r a i n , r e s p e c t i v e l y . The f i b e r diameter is denoted by d . I n the case of n o n l i n e a r stresss t r a i n r e l a t i o n s ,
is taken as t h e s e c a n t modulus a t a given be related t o t h e f l e x u r a l s t r e n g t h a of the f i b e r s . The r e s u l t is t h e n
is l i k e l y t o be a p p l i c a b l e t o Kevlar/epoxy composites because the f l e x u r a l s t r e n g t h of Kevlar f i b e r s is very low.
The e f f e c t of a p a r t i a l bond can be included by introducing a bond e f f i c i e n c y f a c t o r f o r m i n Eq. ( 1 6 ) C71. The i n t e r f a c i a l s t r e n g t h and voids reduce t h e composite shear s t r e n g t h , i.e., the maximum value of YLT in Eq. (28) . Thus, Eqs. (28) and (31 incorporate most of the important parameters.
The models discussed so far are essentially one-dimensional. A two-dimensional analysis is required to predict the kink band geometry C211. The analytical results of [21] indicate that the kink band boundary angle becomes zero as (T approaches G .
C

LT EXPERIMENTAL PROCEDURE
Two different fibers were combined with four different resins to make seven unidirectional [O] graphite/epoxy composites. Specific constituent materials as well as respective fiber weight contents and nominal thicknesses of cured panels are listed in Table 2 . Nominal properties of the constituent materials available in the literature are listed in Table 3 . The panels were fabricated at the NASA Langley Research Center according to manufacturers' suggested cure cycles.
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Compression testing was done on an Instron machine at a crosshead speed of 1 mm/min. Specimens were prepared for testing in an IITRI (Illinois Institute of Technology Research Institute) compression fixture according to procedures described in ASTM test standard D-3410-82.
Specimens were monitored during test for indications of failure through a stereo optical microscope at magnifications up to 1OOX. Some specimens had one edge polished to monitor failure initiation.
Two specimens from each material system were tested with a strain gage mounted on one surface. When an anomaly was detected in the stress-strain curve, the specimen was unloaded and examined for damage. Failed specimens were examined on optical microscopes at magnifications up to 3OOX.
RESULTS AND DISCUSSION
Compressive Properties
Strength data for the graphite/epoxy composites are shown in
Figs. 4 and 5, where N is the total number of specimens and i is the ordinal number of strength. Of all the composites, scatter is highest for the T300/5208 material, however, this variation is consistent with that reported for this material in Ref.
[241.
The strength of the other composite materials show much less variation.
The graphite/epoxy composites are compared with one another i n Fig. 6 f o r average s t r e n g t h , f a i l u r e s t r a i n , and modulus. I n the f i g u r e , E is the i n i t i a l tangent modulus and E is the tangent modulus a t f a i l u r e . For the p r o p e r t i e s o t h e r than average s t r e n g t h each p o i n t r e p r e s e n t s one specimen s i n c e only two specimens were strain-gaged f o r each composite material system. w i t h those r e p o r t e d i n [24, 25] .
The highest s t r e n g t h s on i n i t i a l moduli are recorded f o r the T300/4901/MDA and T300/4901/mPDA specimens. The tangent modulus a t f a i l u r e v a r i e s much less from m a t e r i a l t o material than does the i n i t i a l tangent modulus. t The p r o p e r t i e s measured f o r T300/5208 are comparable
The effect of r e s i n t e n s i o n modulus on the composite s t r e n g t h and a x i a l modulus is shown i n Fig. 7 . According t o the r u l e of mixtures the composite modulus E is given by
The Table 1 is shown i n Fig. 7 
rule-of-mixtures p r e d i c t i o n based on t h e maximum v a r i a t i o n of c o n s t i t u e n t p r o p e r t i e s from
. For a laminate w i t h a 60 percent f i b e r volume f r a c t i o n , a change of r e s i n modulus from 3 t o 5.5 GPa w i l l r e s u l t i n an i n c r e a s e i n composite modulus of 1 GPa. T h i s i n c r e a s e is i n s i g n i f i c a n t i n comparison t o the o r i g i n a l composite modulus magnitude which is on the o r d e r of 100 GPa. Thus, the observed modulus i n c r e a s e i n F i g . 7 i s much higher than p r e d i c t e d by Eq. (32).
To a s c e r t a i n t h e dependence of compressive modulus of a composite on the r e s i n t e n s i l e modulus, the experimental r e s u l t s o f Ref. E261 f o r t e n s i l e and compressive moduli f o r a large number of material systems are p l o t t e d i n Fig. 8 . Linear r e g r e s s i o n a n a l y s e s were performed on the data and t h e r e s u l t s are a l s o shown i n t h e f i g u r e while the a p p r o p r i a t e parameters are l i s t e d i n Table 4 .
One of the two f e a t u r e s t h a t s t a n d o u t i n F i g . 8 is t h a t the compressive modulus of a composite is more dependent on the r e s i n modulus than is t h e t e n s i l e modulus. The o t h e r f e a t u r e is t h a t the composite t e n s i l e modulus is g r e a t e r than the composite compressive modulus f o r r e s i n modulus v a l u e s less than approximately 5 GPa.
Precise t h e o r i e s which e x p l a i n t h e lower composite modulus i n compression than i n t e n s i o n are not a v a i l a b l e . One p o s s i b l e explanation is t h a t t h e f i b e r s themselves are less s t i f f i n compression t h a n i n t e n s i o n . The s t r a i n hardening observed f o r graphite/epoxy composites under t e n s i o n is a t t r i b u t e d t o improved alignment o f i n t e r n a l s t r u c t u r e of the g r a p h i t e f i b e r s during loading. Conversely, i n i t i a l l y imperfect alignment of the f i b e r s t r u c t u r e may grow i n amplitude during compression loading. However, t h e change of f i b e r s t i f f n e s s alone does not e x p l a i n t h e dependence of the composite compressive modulus on the r e s i n modulus.
Another reason may be t h a t the f i b e r s themselves are n o t p e r f e c t l y a l i g n e d w i t h i n the lamina. Under compression, the i n i t i a l misalignment and i n i t i a l c u r v a t u r e of the f i b e r s may impose d i s p r o p o r t i o n a t e l y h i g h stress on t h e matrix, l o c a l l y pushing t h e matrix i n t o the nonlinear range a t an e a r l y s t a g e o f loading. This same argument can a l s o be used t o e x p l a i n s t r a i n hardening i n t e n s i o n . A f i b e r bundle embedded i n r e s i n is l i k e a beam-column supported on an e l a s t i c foundation which can buckle i n uniform wavelength when the r e s i n is s o f t C41.
S t r e s s -s t r a i n curves f o r the seven materials s t u d i e d i n t h i s i n v e s t i g a t i o n are shown i n F i g . 9 . A l l of the materials e x h i b i t s t r a i n s o f t e n i n g w i t h T700/BP907 showing the most n o n l i n e a r i t y .
The T300/BP907 specimen t h a t shows an a b r u p t drop i n strain while under constant stress was unloaded before final failure and was examined t o r e v e a l a shear c r i p p l i n g f a i l u r e on one of the edges. The shear c r i p p l i n g occurred o u t s i d e the r e g i o n where the s t r a i n gage was attached. The sudden decrease i n t h e measured s t r a i n is believed t o be the r e s u l t of l o c a l microbuckling t r i g g e r i n g , t h e i n i t i a t i o n of shear c r i p p l i n g .
S t r e s s -s t r a i n curves of a l l t h e o t h e r materials are smooth and provide no i n d i c a t i o n of s u b c r i t i c a l l o c a l f a i l u r e . It seems t h a t t h e shear c r i p p l i n g i n T300/BP907 was s u b c r i t i c a l because it occurred a t a low stress l e v e l . I n the o t h e r composites, l o c a l shear c r i p p l i n g d i d not occur u n t i l the laminate was highly stressed and l e d t o the immediate c a t a s t r o p h i c f a i l u r e of t h e specimen .
The average compressive s t r e n g t h s f o r t h e materials tested from F i g . 6 are r e p l o t t e d i n F i g . 7 as a f u n c t i o n of the r e s i n t e n s i l e modulus. The g e n e r a l t r e n d is t h a t compressive s t r e n g t h i n c r e a s e s w i t h i n c r e a s i n g r e s i n modulus f o r the range of v a l u e s s t u d i e d . The i n c r e a s e i n compressive s t r e n g t h w i t h r e s i n t e n s i l e modulus is a l s o characteristic of t h e data taken from Ref. C261, Fig. 10 . A s expected, t e n s i l e s t r e n g t h is n o t appreciably affected by the r e s i n modulus. A l i n e a r r e g r e s s i o n a n a l y s i s conducted on t h e data from Ref. E261 is presented i n Table 4 . The r e g r e s s i o n parameters confirm a s t r o n g c o r r e l a t i o n between compressive s t r e n g t h and r e s i n modulus but a weak c o r r e l a t i o n between t e n s i l e s t r e n g t h and r e s i n modulus.
The c u r r e n t theory r e p r e s e n t e d by Eq. (28) was used t o p r e d i c t compressive s t r e n g t h as a f u n c t i o n of the r e s i n modulus. To use Eq. ( 2 8 ) t o p r e d i c t compressive s t r e n g t h r e q u i r e s t h e parameter f /R t o be known. r e l a t i o n s are n o t known f o r most of the materials i n Fig. 1 0 , G LT is taken t o be t h e i n i t i a l modulus f o r the composite and f /E is c a l c u l a t e d using r e p r e s e n t a t i v e p r o p e r t i e s i n Eq. (28) . The Since the f u l l s t r e s s -s t r a i n Under these assumptions, Eq. (28) is seen t o overestimate the composite compressive s t r e n g t h when t h e matrix r e s i n t e n s i l e modulus is less than 3 GPa, but i n g e n e r a l is i n reasonable agreement w i t h observed experimental data. m m Lower compressive s t r e n g t h r e s u l t i n g from l'ower r e s i n modulus a l s o leads t o lower f l e x u a l s t r e n g t h , as shown i n Fig. 11 by t h e data taken from Ref. C261. The reason is t h a t , when a composite is weaker i n compression, f a i l u r e w i l l be i n i t i a t e d on the compression s i d e i n a f l e x u r e t e s t and hence t h e f l e x u r a l s t r e n g t h r e f l e c t s the compressive s t r e n g t h . F l e x u r a l s t r e n g t h does not show as good a c o r r e l a t i o n w i t h r e s i n modulus as does compressive s t r e n g t h . However, t h e s l o p e of the l i n e a r r e g r e s s i o n l i n e f o r f l e x u r a l s t r e n g t h (Fig. 1 1 ) is almost the same as f o r compressive s t r e n g t h , Table 4 .
Compressive f a i l u r e s t r a i n s obtained by d i v i d i n g the f a i l u r e stresses by the corresponding moduli are presented i n Fig. 12 . The curve i n t h e f i g u r e p r e s e n t s a p r e d i c t i o n f o r buckling S t r a i n by the Euler equation f o r a column w i t h clamped ends, i . e . , C281
where L and h are t h e l e n g t h and t h i c k n e s s , r e s p e c t i v e l y , of t h e column. The T300/BP907 and T700/BP907 specimens had t a p e r e d t a b s , and hence t h e e n t i r e range of p o s s i b l e gage l e n g t h is shown. All the experimental compressive f a i l u r e s t r a i n s are far below the p r e d i c t e d Euler buckling s t r a i n .
F a i l u r e Modes
With t h e exception of one T300/5208 specimen and two T300/BP907 specimens, a l l compression specimens f a i l e d suddenly without warning. Monitoring of t h e polished edge during t h e t e s t a t magnifications up t o 50X d i d not r e v e a l any s i g n of damage before u l t i m a t e f a i l u r e . Several specimens were loaded i n a stepwise manner and examined under a c o n s t a n t load a t each s t e p . Other specimens were loaded and then unloaded f o r examination. No damage was detected following any of these procedures.
The T300/5208 specimen f o r which f a i l u r e was arrested 'is shown i n F i g . 13. The shear c r i p p l i n g d i d n o t occur a c r o s s t h e e n t i r e w i d t h s i n c e t h e o p p o s i t e edge remained i n t a c t . Details of the r i g h t end of the upper f a i l u r e are shown i n Fig. l 3 ( b ) . Most of the broken f i b e r segments i n t h e kink band are gone, but the few remaining ones are seen t o be of s h o r t l e n g t h and t i l t e d . The curvature i n the f i b e r s below the secondary k i n k band is r e q u i r e d f o r kinematic c o m p a t i b i l i t y .
The f a i l u r e mode observed f o r a T300/BP907 specimen is shown i n Fig. 1 4 . The buckle mode shape is w e l l defined and m u l t i p l e f r a c t u r e s of the f i b e r are observed w i t h i n the buckle region. This is i n c o n t r a s t t o t h e kink band f a i l u r e mode i n which two f r a c t u r e s occur per f i b e r and t h e s h o r t broken f i b e r s a l i g n i n a r e g u l a r p a r a l l e l p a t t e r n r o t a t e d r e l a t i v e t o t h e d i r e c t i o n of t h e a p p l i e d compression l o a d , Fig. 13 . I n Fig. 1 4 , t h e band of microbuckling appears t o have started a t t h e ' l e f t edge and grown i n t o the i n t e r i o r of the specimen. The p a t t e r n o f f a i l u r e i n F i g , 14(c) s u g g e s t s t h a t the microbuckling of f i b e r s may s t a r t w i t H t h e buckling of a s i n g l e f i b e r and p r o g r e s s i v e l y involve a d d i t i o n a l f i b e r s as the damage propagates. Microbuckling causes a t e n s i l e stress t o develop i n the matrix between the buckled and t h e a d j a c e n t s t r a i g h t f i b e r which reduces the a p p l i e d load a t which the a d j a c e n t s t r a i g h t f i b e r buckles. Microbuckling is more l i k e l y t o i n i t i a t e a t a free edge t h a n i n the i n t e r i o r because t h e lateral support t o the f i b e r is lower i n t h i s region. Microbuckling, however, can a l s o develop i n t h e i n t e r i o r o f a laminate i n r e g i o n s of voids or where the fiber-to-matrix bond is d e f e c t i v e . Fig. 15(a) and through the thickness, Fig. 15(b) .
Partial shear crippling sometimes caused longitudinal splitting, Fig. 13 . Shear crippling could occur on several planes just like slip lines in elasto-plastic materials, Fig. 15(a) .
The failure sequence for unidirectional composites is proposed as follows. As the compression load is increased, the weakest fibers or tlle fibers that have the least lateral support because of a free boundary, poor fiber to matrix bond, or voids fail first. The failure initiation may also be due to the stress concentrations introduced by test hardware. For the graphite/epoxy composites studied, the failure takes the form of kinking if the matrix is stiff, or of microbuckling if the matrix is soft. Fiber kinking is distinguished from fiber microbuckling in that the former involves the formation of a regular kink band pattern oriented at less than 90 degrees to the direction of the applied load while microbuckling failure involves large post buckling deformations of the fiber in which multiple fractures may occur due to the high bending strains. In both cases, however, failure observed on the macroscopic scale for unidirectional composites, i.e., looking at a free edge, normally is characterized by shear crippling involving narrow faiiure zones oriented at less than 90 degrees relative to the applied load. Multiple shear crippling zones may develop in a specimen and the transverse tensile stress which develops in the matrix, particularly as failed fibers become wedged between fibers, may cause matrix fractures to propagate parallel to the fibers.
CONCLUSIONS
The compression behavior of unidirectional graphite/epoxy composites was studied using two different fibers and four different resin systems. The fibers were T3OO and T7OO whereas the resins were 5208, BP907, 4901/MDA, and 4091/mPDA.
The predominant macroscopic failure mode has been identified as shear crippling. When the matrix resin is stiff, shear crippling is the result of fiber kinking on a microscopic scale.
Microbuckling can replace kinking if the resin is soft, e.g., in T300/BP907. Microbuckling failure is a result of high bending strains in the fiber in the post-buckled state. A partial shear crippling may lead to longitudinal splitting between fibers at the tip of the shear crippling zone because of the required kinematic compatibility. Shear crippling in composites resembles slip lines in metals.
For the materials, loading rates, and test configurations studied, failure was almost always catastropic, and detecting partial failure was successful-in only a very few tests. Little variation in failure mode could be seen from material to material.
The higher t e n s i l e s t r a i n property of the T7OO f i b e r compared t o the T3OO f i b e r d i d not t r a n s l a t e i n t o improved u n i d i r e c t i o n a l laminate s t r e n g t h . The T7OO f i b e r has a smaller diameter which may be a f a c t o r . While the r e s i n modulus has a small e f f e c t on the composite modulus, it has a s t r o n g e f f e c t on the composite compressive s t r e n g t h . T e n s i l e p r o p e r t i e s of the composite are n o t affected s i g n i f i c a n t l y by the r e s i n modulus. The compressive s t r e n g t h can a t least q u a l i t a t i v e l y be p r e d i c t e d by a nonlinear model i n c o r p o r a t i n g i n i t i a l f i b e r c u r v a t u r e .
A s discussed i n the Appendix, t h e f a c t o r v i n Eq. (28) f is the r e s u l t of considering t h e equilibrium of the f o r c e s and moments a c t i n g on the f i b e r itself rather than on t h e r e p r e s e n t a t i v e volume element c o n s i s t i n g of the f i b e r and the matrix. The r e s u l t i n g equation y i e l d s a better estimate even when nonlinear material p r o p e r t i e s and i n i t i a l c u r v a t u r e o f f i b e r s are not included. Identification of commercial products and companies in the report is used to describe adequately the test materials. commercial products does not constitute endorsement, expressed o r implied, of such products by the National Aeronautics and Space Administration.
The identification of these 
